




Though fire losses have fallen dramatically over the past forty years, fire remains a cause of injury and death in the United States that is of public health significance. The US fire service has advanced in some respects in comparison with pre-modern firefighting, but continues to rely on water with near exclusivity for structural fire extinguishment. While water’s favorable thermal characteristics and ready availability offer good reasons supporting its use, alternative agents such as firefighting foam have been demonstrated to achieve faster and more complete fire suppression with equivalent agent application. A developing body of evidence also points to mechanisms by which alternative agents might inhibit hazardous gas products of combustion such as hydrogen cyanide. A substantial portion of fire injuries result from toxic exposures rather than heat, and reduction of such exposures could have far-reaching impact on fire survival rates.
	Two common alternative agents, aqueous film-forming foam (AFFF) and compressed air foam systems (CAFS), have achieved a degree of awareness, and attendant performance evaluation, from the fire community. A myriad of other agents, some operating on principles materially different from those of more widely accepted agents, have received little attention, and their potential effectiveness for structural firefighting is largely untested. This literature review attempts to summarize the extant research on various available and proposed extinguishing agents to provide a framework for future assessment of operational, environmental, and life safety considerations of extinguishing agent selection.
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1.0 	Introduction AND BACKGROUND
Effective firefighting and rescue have clear public health relevance, since these practices save lives and prevent property destruction, thereby impacting quality of life. Unfortunately, loss from fire is still a very real part of the American cultural landscape. 1.24 million fires occurred in the United States in 2013, resulting in an estimated 3240 deaths, 15925 injuries, and $11.5 billion in direct property loss (Karter 2014). In addition to these losses suffered by the public, over the last decade an average of 83 firefighters lost their lives in the line of duty each year. Of the 64 firefighter fatalities that occurred in 2014, 20 are attributable to emergency fire operations, excluding travel to and from the scene (Fahy 2015). While fire losses have decreased over the past several decades, most or all of the reduction can be attributed to reduced fire incidence. This essay will consider opportunities to reduce fire loss that may be attainable through the use of alternative extinguishing agents, and will propose a framework under which such agents can be evaluated.
	The fire service has existed in some form for millennia, with organized fire brigades appearing in Rome as early as the 1st century AD (Murnane 2013). Equipment used in firefighting has changed incrementally over that period, transitioning from buckets and hand pumps to diesel-powered fire engines. A common thread, however, ties this history together: application of water has invariably been the preeminent method of fire extinguishment. Water is still today the most commonly used fire extinguishing agent by an overwhelming margin, so much so that when another agent is employed, it is notable as an exception. In Allegheny County, a jurisdiction of 1.2 million residents and over 200 fire departments, only 35 of 395 total fire engines are equipped to deliver an agent other than water (in all cases, wetting agent foam), which does not by any means suggest that these engines make use of that capability on all or most incidents (R. Murphy, personal communication, 20 Nov 2015). While other technologies certainly do exist and can be found, particularly in specialized applications, the common wisdom that firefighters arrive at the emergency scene with a fire engine that will deliver water is very much accurate.
	The overarching purpose of a fire engine is to deliver water from the municipal water distribution system to fire hose nozzles. This purpose has changed little over time, with the distinction that the multiple functions of an engine company (pump, hose, and water storage), separate in the days preceding diesel engines, have been combined onto one vehicle. National Incident Management System (NIMS) Resource Typing Definitions, a nationally standardized naming system spanning all accepted types of emergency equipment and personnel, include a resource type for fire engines: 4-508-1117, “Engine, Fire (Pumper).” This classification specifies pump flow rates, hose lengths, and water tank capacities for various fire engine subclassifications. Notably, this resource type is one of only three ground vehicle types that specify a capability to carry and apply a firefighting agent. The others, “Aerial Apparatus, Fire” (ladder trucks, some of which have fire pumps) and “Brush Patrol, Firefighting (Type VI Engine)” (all-terrain firefighting vehicles for remote areas), are specialized equipment not designed for primary structural firefighting (FEMA 2015).
	Firefighter training offers a similar picture of the current state of affairs. Basic firefighter manuals and their associated recruit training programs focus squarely on the use of water to extinguish fire. Recruits train extensively on establishing water supply, deploying attack line, and effectively applying water. There is unspoken consensus in the fire community that these are among the most basic yet crucial tasks undertaken by firefighters, and their importance and reinforcement is not limited to recruits only. Such topics are common fodder for in-service station training or volunteer drill nights. A long-standing discussion exists over the relative merits of smoothbore versus fog nozzles, and their attendant direct and indirect attack tactics. In the last ten to fifteen years, the use of foam in firefighting has begun to be addressed in entry-level texts, but is still considered to be an advanced level skill that is generally the realm of hazardous materials teams and airport firefighters. Training in the application of AFFF (aqueous film-forming foam, the most common firefighting foam), is required to attain certification at the Fire Fighter II level, an advanced-basic level qualification for which structural firefighting with water is a prerequisite. In total, these elements suggest a robust consensus across the United States with regard to the use of water for primary structural fire attack.
	Despite the nearly uniform use of water across US fire departments, a considerable range of commercially available and third party tested extinguishing agents exists. Many of these agents purport to extinguish fire more effectively than water alone. The building construction and management industry has moved away from the exclusive use of water for fire control, in many cases employing fixed fire protection systems that utilize inert gases in an effort to minimize damage to building contents. While building operators’ priorities should not be assumed to align with those of the fire service, it bears consideration whether the fire service could likewise benefit from the use of alternative agents.
	It is worth noting that, especially in the residential sphere, broad consensus exists that public fire education programs, particularly those supporting the effective use of fire detection systems (such as smoke detectors), are the most effective way to reduce fire casualties. While advances in firefighting practice have shown the potential for significant gains in effectiveness, the improvement is limited as fire suppression is by definition reactive to the core problem. Effects of fire detection, however important, are beyond the scope of this review, and have been documented elsewhere (Bukowski 2008).
	Another critical predictor of fire casualties that will not be addressed herein is building construction and materials. Buildings have changed substantially, both in design and material content, over the past thirty to fifty years. The advent of synthetic materials and lightweight construction techniques has created wholly new challenges in structural firefighting. While this review will take into consideration these modern hazards, it is beyond the scope of this review to make recommendations with respect to building safety improvements.
	It is also worthy of mention that optimization of firefighting technique is by no means limited to choice of firefighting agent. Recent “flow path” research has shed new light on the broad significance of coordinated fire attack, wherein the application of agent and the opening of ventilation holes are deliberately timed to minimize fire spread. While issues of agent application will be addressed to an extent, many valid and useful questions in other subdisciplines of firefighting technique are also beyond the scope of this review.
2.0 	MECHANISMS OF FIRE INJURY
In order to draw conclusions about the effectiveness of a firefighting agent in preventing casualties, it is necessary to consider the existing profile of causes of death and injury from fire. Specifically, fire has multiple mechanisms by which it can cause death or injury; the most important of which include carbon monoxide, hydrogen cyanide, inorganic acids, organic irritant chemicals, oxygen depletion, and heat (Alarie 2002). By resolving fire casualties generally into more specific sub-mechanisms, it is potentially possible to identify extinguishment strategies that preferentially minimize the effects of the most damaging mechanisms.
Traditional firefighting technique developed around preventing damage from fire in close proximity around potential victims. Conventional fire attack as it has existed for thousands of years stipulates the advancement of water-carrying devices (hose lines today; historically, buckets) progressively closer to the central point (the “seat”) of the fire, applying water to the fire until it is extinguished. In this way, firefighting traditionally espouses a focus on fire extinguishment per se as the means of halting damage. Current research, however, indicates that both mechanism and nature of injury have significant variability correlated with victim proximity to fire, type of materials being burned, and efficiency of combustion.
Victims closest to the seat of the fire, particularly in the room of origin, are likely to manifest symptoms of direct heat exposure and oxygen deprivation. More distant victims generally suffer injuries attributable to carbon monoxide, hydrogen cyanide, or inorganic acids (Alarie 2002). Efficient combustion, occurring when a fire is well ventilated, results in predominance of heat and local depression of oxygen concentration as the fire rapidly consumes fuel and oxygen in its vicinity. Inefficient, smoldering fire generates less heat, but comparatively more asphyxiant and irritant gases (Purser 2000). Predictably, presence of nitrogen-bearing materials (many plastics and rubbers) increases hydrogen cyanide production, and presence of halogenated hydrocarbons (plastics such as polyvinyl chloride, PVC) increases inorganic acid (specifically hydrogen chloride) production (Alarie 2002).
Fire injuries manifest overall as either direct, the set of symptoms associated with heat exposure and oxygen deprivation, or indirect, the set of symptoms associated with exposure to asphyxiant, organic irritant, and inorganic acid gases. Direct and indirect exposures are not mutually exclusive; in fact, every fire presents a superposition of both. Rather, evidence from both case history and laboratory studies suggests that direct exposures simply predominate in those victims who were close to the seat of the fire, but fall off sharply as distance from the fire increases, resulting in predominance of indirect exposures at greater distances (Gann 2008). This is not a wholly new idea in firefighting: it is understood that fire victims can be harmed by “fire” or by “smoke,” with different resulting case presentations. Traditional understandings, however, understate the significance of indirect mechanisms of injury, as these account for sixty to eighty percent of fire fatalities  ADDIN EN.CITE (Stamyr, Thelander et al. 2012).
A useful case study in considering the relevance of indirect mechanisms of injury is the 1980 fire at the MGM Grand Hotel in Las Vegas, Nevada. Of eighty-five total fatalities from the incident, only eighteen occurred in areas of the structure where fire was present. Upon analysis of the deceased, it was found that only three victims had potentially lethal levels of blood carboxyhemoglobin (resulting from carbon monoxide exposure), but many exhibited severe pulmonary edema, suggestive of respiratory acid burns (Alarie 2002). Indirect exposures have caused meaningful losses in other major cases, including 87 victims at Happy Land Social Club (1990, lethal concentrations of both carbon monoxide and hydrogen cyanide) and 54 victims of the Manchester aircraft fire (1985, lethal cyanide and sub-lethal carbon monoxide). In many cases, a precise cause of indirect injuries can be difficult to isolate, as determination depends on post-incident blood testing, which often reveals co-presence of both carboxyhemoglobin (from carbon monoxide) and hydrogen cyanide  ADDIN EN.CITE (Grabowska, Skowronek et al. 2012; Stamyr, Thelander et al. 2012). The evidence is clear, however, that the conventional presumption of carbon monoxide as the primary mechanism of indirect injury in all cases is substantially inaccurate. Direct injuries, by contrast, are comparatively easy to identify, with cases of external thermal injury presenting with apparent burns to the skin, and cases of respiratory thermal injury correlated significantly with tongue extension and presence of soot inside the respiratory tract and stomach (Bernitz, van Staden et al. 2014).
While extinguishing the fire and suppressing the entirety of the products of combustion would be the ideal case, it is by no means a trivial task. Production of hazardous fire gases only occurs from an extant fire, so to a degree it makes sense to focus on fire extinguishment first, and speed of extinguishment is a viable metric by which to assess the effectiveness of structural firefighting agents. Time to extinguishment alone, however, is not sufficiently precise to capture any reduction in damage taking place prior to the time of extinguishment. Short of the ultimate goal of rapid full extinguishment, it is secondarily valuable to assess extinguishing agents for their ability to suppress individual damaging components of the fire gas mixture, rendering the net gas product less toxic.
3.0 	FIRE EXTINGUISHING AGENTS
3.1	WATER
Water has a long-standing and thoroughly established place as the predominant fire extinguishing agent. Water has emerged as the default firefighting agent for good reason: it is proven to be reliable, accessible, and effective. While water delivery infrastructure has existed since ancient times, 19th century urban development proliferated underground pressurized water mains. Modern fire hydrants, widely in service by the late 1800s, assured consistent access to these mains and further facilitated the speed and reliability of transport of large volumes of water to fire scenes. It is perhaps circular, but certainly nontrivial, to consider that this history has resulted in the operational reality that fire departments are universally equipped to arrive at a fire scene and set up a pre-planned, modular system of hoses and pumps specifically designed to move water effectively from a water main via hydrant to the fire. There is a great deal of institutional inertia that results from this.
Water extinguishes fire thermally, by cooling heated materials below the temperatures at which they are able to sustain fire. Among common earth substances, it is singularly effective for heat transfer, thus for fire extinguishment by cooling. Its comparatively large specific heat and latent heat of vaporization together characterize water’s ability to absorb an unusually large amount of energy per unit mass before dissipating as steam. This cooling ability is largely unaffected by the composition of the burning substrate, rendering water at least eventually effective in extinguishing fire in almost every case. Long before any of water’s physical properties were quantitatively understood, it was certainly clear that water was an effective fire extinguishing agent. Detailed analysis is not required to appreciate that water can cool hot objects, extinguish fire, and is safe to handle and use. It is precisely this simplicity of use that makes water so appealing to firefighters. It might be possible to elicit agreement that theoretically more effective extinguishing agents than water exist, but there is no doubt that firefighters value water for its ease of use and (perhaps more importantly) low risk of misuse.
Using modern apparatus, water is applied to a fire via two widely accepted techniques. A “direct” attack calls for placing the water as directly onto the seat of the fire as possible. Direct attack extinguishes fire by cooling the fuel surface until its temperature is too low to sustain pyrolysis. Direct attack applies a comparatively large mass of water. If the substrate is porous (as would be the case for most structural materials), and particularly if a solid bore nozzle is used, the water stream is potentially able to mechanically penetrate the burning substrate to reduce its subsurface temperature. It is important to note that the surface tension of the water also affects the extent of penetration. Direct attack seeks ultimate extinguishment by delivery of sufficient thermal mass of water to force the temperature of all burning objects below that at which pyrolysis can be sustained, thus cutting off the fire’s supply of new fuel (Grant, Brenton et al. 2000).
In contrast, an “indirect” attack calls for placing a fine water mist in the flame area of the fire. These water droplets absorb energy primarily from the flame zone rather than from the burning substrate itself, disrupting the chemical chain reaction by robbing the airborne reactants of energy. Indirect attack thus relies heavily on the surface area of the droplets in conjunction with the thermal energy capacity of the water. If performed effectively, an indirect attack can rapidly suppress the flame zone, and can absorb significantly more energy per unit mass as compared to direct attack by making more efficient use of the latent heat of vaporization. As a result, indirect attack produces large volumes of steam. In a well-bounded space (a bedroom, for example), the pressure generated by the addition of steam can displace other gases out of the space, volumetrically reducing the concentration of oxygen available in the area of the fire and introducing an important second mechanism of extinguishment. This method comes with the caveat that humid air conducts thermal energy much more efficiently than dry air, increasing the risk of thermal injury, especially to victims who lack protective equipment.
3.2	WATER ADDITIVES
It is certainly not coincidental that water additives have taken the central role among alternative agents. Water additives, at their heart, attempt to make use of the same infrastructure used for water, while improving on its performance. Water is still accessed via fire engine pump from fire hydrants on the municipal system, and agent is still delivered to the attack crew through fire hose. Though the precise process for preparation of finished agent varies among additive types, the universal step that differs from water is one of proportioning a specified concentration of additive into the outgoing water. This proportioning step can be completed using either a portable device (i.e. inline eductor) or a vehicle-mounted proportioner. Extant vehicle-mounted units operate on one of two principles, either “around-the-pump,” in which additive is added, or not, by the pump across all discharges simultaneously, or “direct injection,” in which additive is proportioned directly into a discharge water line. Though portable units have a valid role to provide increased flexibility and for backup, it is only realistic to consider routine interior fire attack using a vehicle-mounted proportioner. Well-accepted industry standards exist governing how fire engines should be outfitted to appropriately deliver foam, but a minority of modern fire engines are so equipped. Current standards for new fire engines do not require the inclusion of such a system (NFPA 2015).
3.2.1	Wetting Agents
Industry standards for wetting agents are codified by the National Fire Protection Association under NFPA 18, which defines them as “concentrate[s] that when added to water reduces the surface tension and increases its ability to penetrate and spread” (NFPA 2011). At their simplest, wetting agents do exactly that: making water “wetter,” reducing its surface tension and thus its mean droplet diameter. Smaller droplets have more surface area per unit mass, and can penetrate more deeply into porous materials. Less formally, the effect of reduced surface tension is understood among firefighters; the addition of a few drops of common dish soap to pressurized water fire extinguishers so that they more effectively soak into porous materials is a well established practice. In the flame zone, the increased surface area of water increases the suppression of flame and flammable vapors per unit mass as compared to fog stream water without additive, although at further cost of the stream’s ability to remain intact through the flame zone to strike the burning substrate. This limitation suggests the possibility of “too much of a good thing” with respect to wetting agents, and raises the question of optimum droplet size.
3.2.1.1	Aqueous Film-Forming Foam (AFFF)
	Any review of wetting agents requires a deeper look at AFFF (aqueous film-forming foam) due to its vastly dominant position among alternative agents. By far the most common alternative agents in use today, AFFF and AFFF-AR (AFFF “alcohol resistant,” a subtype of AFFF used on polar solvent fires) are classified as wetting agents. Wetting agents in general, and AFFF in particular, are a comparatively recent development, and have evolved into their recognizable modern form within the last sixty years. The earliest known wetting agent, mechanical foam, so called because of the need for mechanical aspiration of the foam solution to generate finished foam, was initially developed in the 1930s. Use by the US Navy for shipboard firefighting in World War II drove advancements in the technology, resulting in the adoption of protein foam, a solution of hydrolyzed animal byproduct protein with added stabilizers, by the military in the 1950s. Fluoroprotein foam, a derivative product that added a fluorinated surfactant, followed. The first modern fully-synthetic surfactant foam, Light Water, was developed by a partnership of the 3M Company and the US Navy in the early 1960s, and was the first product to introduce the blanketing behavior on liquid fuel fires that is now characteristic of AFFF (Adams 2003).
	Any foaming agent, including AFFF, requires an aspiration step to introduce air in addition to the above-described proportioning step. While a nozzle designed for foam application or an aspirator that attaches to a standard fog nozzle can be used to produce optimal foam, less than ideal, but fully usable, foam is often generated from an unaugmented fog nozzle. Properly applied foam will create and sustain a blanket across a flat surface on which it is placed, covering the surface, separating it from the atmosphere, and thus excluding atmospheric oxygen. Foam is less dense than both water and hydrocarbon fuels, and a foam blanket will float stably on these liquids (Adams 2003). On account of these properties, the use of foam in the military extended from naval compartment fires to aircraft firefighting, where it became the preeminent agent for two-dimensional fuel spill firefighting (Sheinson 2002).
	While AFFF appropriately passes the NFPA 18 required tests of Class A ordinary combustible firefighting effectiveness, it is at its core a technology designed for fighting liquid fuel fires. Military specification MIL-F-24385F requires the use of AFFF for military aircraft firefighting, and specifies its mandatory use and performance characteristics (Sheinson 2002). The Federal Aviation Administration similarly requires the use of AFFF for civilian aircraft firefighting, and the military specification is widely accepted as a standard of interoperability (14 CFR 139.317). Perhaps arising from this history, accepted practice among firefighters calls for using AFFF most particularly on those fires that involve a flammable liquid component. Outside the aviation sector, such a scenario often manifests in rail or roadway transportation incidents.
3.2.1.2	Compressed Air Foam Systems (CAFS)
	One possible answer to the search for a wetting agent optimized for structure fire is the compressed air foam system (CAFS). Modern CAFS grew out of experimentation by the US Forest Service for wildland firefighting in the 1970s and 1980s that took advantage of improved proportioning technology to deliver effective foam using less concentrate (Mitchell 2013). CAFS introduced a new method of aspiration by injecting compressed air into the foam solution immediately after proportioning (Adams 2003). While CAFS does use a different concentrate formulation than AFFF, the essential difference between the two lies in this mechanical step. With an air to water ratio of at least 1, CAFS produces a foam that can be described as “melted ice cream,” resulting in an appreciably lighter hose line and improved foam adhesion to vertical surfaces as compared with AFFF.
	Successes in wildland firefighting, especially the 1988 defense of the Old Faithful Lodge at Yellowstone National Park, generated interest in the use of CAFS for structural firefighting (Mitchell 2013). In-service and laboratory evaluation of CAFS systems shows increased extinguishment per unit time, and significantly increased extinguishment per unit water; the benefits of CAFS follow largely from this. Net agent use is decreased, reducing the need for resupply and reducing water damage and runoff volume. Additionally, firefighter fatigue is decreased, a major indicator of firefighter injuries to which 32 of the total 64 firefighter fatalities in 2014 were attributed (Fahy 2015). Stream reach and agent residence time are also increased (Mitchell 2013).
	Limitations of CAFS arise primarily from its high air to water ratio. By delivering less water per unit time, CAFS is unable to apply the same total thermal mass as an equivalent volume of water only. Though the increased penetration offered by CAFS offsets this effect, it does not replace thermal mass in all situations. Most notably, in 2005 a CAFS hose line failure resulted in firefighter fatalities and was attributed to the lower thermal conductivity inside the CAFS line as compared to a water line (Mitchell 2013). Inefficient heat transfer through the foam also yields reduced performance in cooling nonporous surfaces, though this is not of major concern in the structural environment. Issues of secondary importance have also been identified with increased nozzle reaction, the force experienced while holding a flowing hose line (Mitchell 2013).
3.2.2	Other Mechanisms
	AFFF and CAFS are the only alternative agents in use for primary structural firefighting on a more than sporadic basis. It was recognized as early as 1998, however, that a considerable variety of other commercially available water additives existed, and necessitated a means of establishing comparative effectiveness (Madrzykowski 1998). Some of these are NFPA 18 classified wetting agents that function via mechanisms similar to those discussed above, but many function by other mechanisms. A review of manufacturer's literature reveals a variety of stated mechanisms, including encapsulation, free-radical elimination, endothermic reaction, emulsification, vapor suppression, and alteration of fuel molecular structure (Scheffey, Forssell et al. 2013). NFPA 18A, first issued in 2007, sets general parameters for those water additives that are not addressed by the older NFPA 18 standard for wetting agents. While agents classified under the new standard can be wetting agents, the broader NFPA 18A also encompasses agents that act by other mechanisms. NFPA 18A is in most other respects similar to NFPA 18; both specify materially similar limits for toxicity, viscosity, corrosivity, and other concentrate physical characteristics (NFPA 2011). As of 2013, many such products exist, but none are yet listed by Underwriters’ Laboratories (UL) to meet NFPA 18A standards (Scheffey, Forssell et al. 2013). Though this industry segment is still early in its development, it is nonetheless possible to consider agent effectiveness generally on a mechanistic level. 
	Case-by-case study of agent effectiveness, though necessary and attainable to an extent by field testing, is hindered by manufacturers’ dissemination of only general information on products’ proprietary compositions. Importantly, evaluation of compliance with standards does not certify a product’s fitness for structural firefighting, or offer meaningful comparative analysis against other certified products. Certification tests under both standards are administered using portable fire extinguishers and sprinkler-type delivery systems to extinguish standard approximations of common fire types (NFPA 2011; NFPA 2011). While this ensures equivalency among test results, these approximated scenarios fall short of in-service interior fire conditions.
	With respect to application and performance, these agents are a more diverse group compared with their foam wetting agent analogs. At a minimum, they share water as a solvent. Many are not foaming agents and do not require aspiration, instead being delivered as an unaerated water solution. In composition, these products are water-soluble mixtures of generally organic molecules, nearly always containing a surfactant component (Scheffey, Forssell et al. 2013). 
	Encapsulation and emulsification are among the mechanisms most commonly claimed by nontraditional water additives. In effect, this behavior is a modification on the performance characteristics of traditional foams, such that instead of blanketing, the product has a tendency to form smaller micelles around fuel particles and/or create a well-mixed suspension of fuel and agent. Effective encapsulation and emulsification both result in extinguishment due to oxygen exclusion, and such agents have been shown to extinguish three-dimensional flammable liquid fires, a known weak point of AFFF, using less than two thirds the agent volume of water without additive (Scheffey and Benfer 2014). While these characteristics are assigned to products approved for Class A firefighting, they nonetheless still take a fluid-based approach that, while offering an additional mechanism beyond surface area dependent vapor suppression in the flame zone, operates on most solid substrates under materially the same mechanism as traditional wetting agents.
	Laboratory testing evidence indicates that no significant difference exists in post-extinguishment smoke for surfactant-based agents as compared against water without additives (Madrzykowski 1998). These tests, however, did not assess possible implications of mechanisms that chemically disrupt the combustion process, and assessed only rapidly extinguished fires. Especially under protocols arising from NIST flow path research calling for preliminary fire attack from the exterior before making entry, realistic field fire scenarios have the potential to require a multi-step extinguishment process spanning at least several minutes. A longer and more complex extinguishment process increases the importance of any agent effects realized in the time following initial attack but preceding full extinguishment.
	A new opportunity to minimize indirect hazards from fire may be available through chemically suppressive mechanisms. Up to this point, the agents discussed have achieved extinguishment by making use of the specific heat and liquid to gas phase change of water as a physically endothermic energy sink, and by modifying the physical properties of water to further increase its effectiveness in this role. Chemical mechanisms introduce the possibility of reactions that are chemically endothermic based on their activation energies (Kuang, Huang et al. 2008); ABC dry chemical (ammonium phosphate) has taken advantage of this mechanism since the 1800s (Adams 2003). Beyond the thermal suppression arising from the use of an endothermic reaction, such a reactant might be selected to chemically inhibit the hazardous reaction products of fire, absorbing energy from the flame zone or burning substrate to achieve its activation energy. While this mechanism is plausible, and is claimed by a few manufacturers, a limited body of research has been undertaken to date to ascertain whether it offers a viable addition to practical structural fire extinguishment paradigms.
3.2.3	Inorganic Salts
	Interestingly, the earliest record of a foam firefighting product, a portable foam applicator, can be dated to an 1877 United Kingdom patent application for an inorganic salt-based product (Adams 2003). This device contained, separately, 13% aluminum sulfate solution in water and 8% sodium bicarbonate solution in water, with licorice extract as a stabilizer. When combined, the mixture would react, generating carbon dioxide and forcing the aggregate product out of the extinguisher as a foamy liquid.
	Inorganic salts in solution such as these are no longer utilized by the fire service. Inorganic salts as solid-phase powders, such as ammonium phosphate (ABC dry chemical), and potassium bicarbonate (such as ANSUL Purple-K), continue to see extensive use in portable fire extinguishers. In this form, generally five to twenty pounds of inorganic salt is stored dry inside a steel cylinder and propelled by a reservoir of compressed gas. This discrete agent dose per extinguisher results in a narrow limitation of the amount of agent that can be delivered by one person, which, while adequate for fighting an incipient fire or for personal escape, makes portable extinguishers largely ineffective for structural firefighting. These extinguishers are further restricted in their use by limitations imposed by their compressed gas propellant: maximum range cannot exceed about 12 feet, and the stream is vulnerable to dispersion by air currents. Dry chemical extinguishers are carried on board fire engines, but are not routinely used by firefighters, only being chosen in scenarios for which water would be inappropriate.
	One major example of vehicle-mounted dry chemical systems does exist, namely, airport firefighting apparatus. These vehicles, as specified by Federal Aviation Administration regulation, are equipped with sodium- or potassium-based “auxiliary agent” (or an uncommon alternative, gas-phase clean agent) discharged from vehicle-mounted turrets and hand lines using compressed gas propellant (14 CFR 139.317). Fire training materials indicate that this dry chemical agent is primarily intended to combat three-dimensional fire (for example, fuel spilling from an aircraft wing through the air and pooling on the ground, with the entire complex on fire) for which AFFF would not be ideally suited.
	Typical fixed fire protection systems rely on either water or inert gas (Approvals 2015). Current research suggests the possibility for effective use of inorganic salt solutions in fixed fire protection systems. One such study compares suppression time for a 1 mol/L solution of sodium chloride in water against water alone on a burning polymer substrate, finding that the water with NaCl added resulted in more rapid combustion at the substrate surface, followed by rapid extinguishment (Chow, Jiang et al. 2007). While the substrate in this case is a non-charring fuel, which is not representative of general building materials, the result is suggestive for several reasons. First, rapid combustion, likely due to increased transport of pyrolyzed fuel particles up through the melted substrate, suggests greater agent penetration into the substrate. Application of water with NaCl, though generating more vigorous combustion in the short term, was also observed to inhibit post-application smoldering combustion as compared to the application of plain water, thus also generating less toxic byproducts and likely reducing hazardous exposure for persons not in the immediate vicinity of the fire. Perhaps more interesting, the study authors propose a reaction mechanism by which the NaCl additive suppresses hydrogen radicals, which if accurate, indicates chemical inhibition of combustion progress by a waterborne inorganic salt (Chow, Jiang et al. 2007).
	Other studies have investigated the effect of particle size on the fire suppression effects of common dry chemical agents, finding consistently that comparatively large particles (20-30μm diameter) are only half as effective per unit mass as particles in the 10-20μm range, with effectiveness of larger particles falling off more steeply (Chelliah, Wanigarathne et al. 2003). Analyzing a standard ABC (ammonium phosphate) dry chemical extinguisher, study authors found only 45% of particles smaller than 40μm (Kuang, Huang et al. 2008). Exacerbating the issue, dry chemical extinguishers suffer from compaction of their contents over time, especially in the case of vehicle mounted extinguishers, further contributing to particle aggregation. The macroscopic effect of compaction is well understood (failure to discharge); standard practice among airport fire departments calls for routine agitation of vehicle-mounted dry chemical cylinders to prevent this effect. The study results suggest that a meaningful microscopic effect, reducing agent effectiveness per unit mass (and thus per unit time, and per apparatus, as agent is not readily field-refillable) exists as well.
	In contrast, a superfine powder of magnesium hydroxide (semi-agglomerated particles of average 69.3nm diameter) exhibited significantly more rapid fire extinguishment (Kuang, Huang et al. 2008). The authors concluded that the greater part of fire extinguishment effects arose from particle surface to mass ratio, and availability of each powder in gas phase, specifically, the availability of species able to absorb hydrogen radicals in the flame zone. The authors also noted that ammonium phosphate reacts by a mechanism that generates acid products that inhibit fire extinguishment by contributing to particle aggregation by sintering; the mechanisms exhibited by sodium bicarbonate and magnesium hydroxide do not contain such a step (Kuang, Huang et al. 2008). The generation of caustic reaction products could have the further effect of reducing fire output of gas-phase acids, including hydrogen cyanide, which would have far-reaching effects in reducing toxicity hazards to victims distant from the fire.
	It is possible, then, that both fixed facility and vehicle-mounted water-based firefighting equipment might be enhanced through the addition of dissolved inorganic salts. Such a delivery method would attempt cooling in conjunction with chemical inhibition. If the agent were delivered via fog stream, such that a portion of the water would evaporate in the flame zone, a large fraction of its inorganic salt contents would be carried by tiny liquid water droplets with a high surface area to mass ratio, and would be readily available to react with gas phase fire products in that zone. While the total mass of inorganic salt delivered to the flame zone would certainly be lower than that achieved through a successful application of compressed gas propellant, more extinguishment per unit mass could be achieved by virtually eliminating inefficient microscopic particle aggregation. By using water as propellant, the various macroscopic issues associated with solid-phase dry chemical would also be avoided (primarily, unpredictable air currents), enabling a reliably lower rate of agent loss before reaching the target.
	There are considerable limitations to implementation of such a scheme. Caustic salts such as magnesium hydroxide would create a minor hazard for both fire crews and exposed victims as dilute solutions, but a potentially much more severe hazard to firefighters in solid phase during resupply operations, especially if of a respirable particle size. Anticipated exposure to even mild caustics would also suggest the need for liquid-impermeable personal protective equipment. By definition, water is always applied in excess in a successful fire attack (often in substantial excess); a large excess of a caustic solution might create a larger health and environmental hazard than that which it was intended to protect against. More broadly, a central issue in considering the possibility of inorganic salt solutions as primary structural firefighting agents is their incompatibility with current fire apparatus configurations. Existing proportioners and secondary agent tanks, designed for foam, are not capable of functioning with a solid phase agent. Beyond the proportioning system, even salts as mild as sodium chloride have slow corrosive effects on metal, a problem that is well documented and, despite mitigation attempts, continues to take a toll on fire apparatus lifespans (Patterson 2013). Incorporating salts internally onto fire apparatus would suggest the need for at least some degree of re-engineering to prevent medium-term damage to previously protected vehicle components, including the fire pump. Such a re-tooling is of course possible, but would require substantial institutional will and economic investment to accomplish. The low water solubility of many common salts presents another meaningful concern, as it is unclear whether the performance of a low-concentration solution would justify the investment required to put the needed equipment in service to achieve it.
3.3	INERT GASES
Secondary to water systems, systems making use of carbon dioxide, argon, or mixtures of other inert gases see considerable use in fixed facilities for the protection of sensitive occupancies. These “clean agents” (so called due to the banning of Halon 1301 and several other inert gas phase ozone-depleting agents by the 1989 Montreal Protocol) function by displacing oxygen below the concentration at which combustion can be self-sustained, defined in this context as 15% by volume by industry consensus  ADDIN EN.CITE (Raia and Gollner 2014; Yu, Kasiski et al. 2015). As such, these agents must be delivered by an all-or-nothing deluge approach, using open sprinkler heads or other similar apertures to rapidly deliver a quantity of inert gas sufficient to maintain an atmosphere that will extinguish the fire before the gas can dissipate. Some of these agents are not truly inert, and have a chemical suppressive effect that is secondary to the volumetric effect. Inert gas systems have never received serious consideration as primary agents for vehicle-delivered fire attack, for several sound reasons.
Inert gas systems are designed to protect defined spaces, generally server rooms, archives, and other occupancies in which the contents are vulnerable to water damage. These occupancies are often well bounded, and can be built or modified such that they control the rate of air exchange. Modern buildings more generally are designed to exchange interior air several times hourly; older buildings built prior to widespread use of insulation can exchange many times that. As field evidence for positive pressure ventilation tactics shows, controlling air exchange and airflow pathways can be a daunting task, one that may not be realistic in all structures. The inability to create a confined volume of space for agent application would cripple the effectiveness of inert gas fire suppression. Furthermore, in the unlikely case of a well-contained space, any victims trapped in the space would suffer physical asphyxiation. Hybrid systems, that combine deluge discharge of inert gas with fine water mist, might perform better in an inadequately bounded space due to their increased cooling potential, but much of the performance of water mist also derives from volumetric gas displacement (Raia and Gollner 2014), and would create a thermal hazard for any trapped occupants as with indirect fire attack.
Inert gas agents are also entirely at odds with the existing infrastructure for structural fire attack. As implemented in fixed facilities, systems require plumbing suitable for compressed gases in addition to planned confined spaces into which the agent would be discharged. Though technology certainly exists to transport compressed gases under fire conditions (self-contained breathing apparatus used by firefighters does so), fire engines with these systems do not exist, nor do standards indicating how such a system should be specified, and investment to develop such an infrastructure would be extensive, and uncompetitive with other available options. As such, inert gas systems are not at present a realistic consideration for primary structural fire attack.
4.0 	CONCLUSIONS
Though nearly every fire department in the United States uses water as its primary extinguishing agent, there are limitations to the effectiveness of water as a firefighting agent that should not be ignored. Water’s thermal fire suppression capability is strong, but commercially available alternative agents exist that capitalize on water’s thermal extinguishment capabilities, while adding other physical and chemical extinguishment mechanisms. AFFF is thoroughly accepted as a superior product for the extinguishment of two-dimensional fuel spill fires, but no such agent has definitively emerged for the extinguishment of interior structure fires. A number of agents have been certified under NFPA 18 standards, but certification alone does not confirm suitability for real-world firefighting, and known issues exist for some common alternative agents.
Fire departments exist in a context that includes municipal management, taxpayers, equipment vendors, and, of course, firefighters, and these stakeholders bring an institutional history to the decision making process that cannot be overlooked. Use of any agent other than water generates an increased upfront cost of equipment and training, and ongoing costs for maintenance of additional operating components and resupply of consumables. Arguments exist that appropriate use of an alternative agent reduces net costs through reduced fire consequences, but the majority of such benefits would accrue outside the fire department and its municipal parent organization, leaving little budgetary incentive for implementation. Looking to the future, replacement of AFFF or another organic additive with an inorganic salt additive could present the opportunity for direct cost savings, as common inorganic chemicals are non-proprietary and are less expensive by orders of magnitude than their synthetic organic counterparts.
The operational reality of training on a new, more complex method of agent delivery has the potential to be a significant hindrance to successful alternative agent implementation. A 2010 survey of US fire department capabilities revealed that 46 percent of all departments include firefighters with no formal training, with up to 64 percent of departments serving communities smaller than 2500 individuals having no formally trained personnel. More concerning, 9 percent of all fire departments have no personnel certified to the Fire Fighter I level, the first entry-level fire certification. These firefighters are almost entirely rural volunteers, suggesting a potentially severe lack of institutionalized training in such areas (NFPA 2011). Field experience affirms these survey results; even in more populated areas where basic training is more prevalent, many firefighters regard AFFF use as a specialized skill with which they are not familiar. Less common technologies can be expected to meet with an even greater degree of reluctance.
These operational challenges, especially with respect to training, beget a deeper issue within the framework of the thoroughly decentralized US fire service. When operating at large and even mid-size fire scenes, fire companies often use the “relay pumping” technique, whereby one fire engine establishes a connection to the water supply and delivers pressurized water to support a second engine that has deployed hose lines for fire attack. This technique, and to a lesser degree operations that use multiple fire engines in parallel rather than in series, depends on the interoperability of each company’s equipment and personnel. The need for interoperability among mutual aid companies makes adoption of an alternative agent nearly impossible in isolation, as a lone early adopter would lack compatible mutual aid support and would likely be unable to realize large flow rates or efficient resupply. Adoption of an alternative agent, then, would be more realistically undertaken in a coordinated effort by a mutually supporting group of neighboring departments. Larger departments, generally based in major urban centers, might also have sufficient resources to build a self-supporting network of alternative agent-capable fire companies without outside cooperation.
Departments with the will to equip for and train on alternative agent use can be further hindered by environmental concerns. Fire runoff is hazardous, whether it is generated from the application of water alone or with an organic wetting agent additive. Appropriate use of alternative agents has the potential to reduce runoff toxicity by generating less total runoff through reduced agent volume, or in some cases by rendering runoff contents less toxic by chemical mechanisms. In the absence of fire, however, water is entirely environmentally benign, while any other agent presents some potential for environmental toxicity. AFFF is known to be environmentally hazardous, especially as concentrate, and its use is restricted to prevent its entry into waterways (Moody and Field 2000; MDH 2008). Inorganic salts, similar to those already used for ice control on roadways, while still damaging to an extent, may offer an environmentally safer approach.
With respect to life safety, both water and traditional wetting agents have no chemical effect toward the suppression of toxic gases produced by fire. Appropriate agent choice offers the possibility of both more rapid extinguishment, and potentially the reduction of hazardous gas concentrations that result from smoldering combustion prior to complete extinguishment. Even after the bulk of the fire is extinguished and thermal hazards are minimized, respiratory hazards to both victims and firefighters still very much exist, and firefighters performing overhaul often work in such an environment without using self-contained breathing apparatus.
Due to the overwhelming prevalence of water use among fire departments, it is difficult to ascertain which, if any, of the extant or proposed agents have net positive effect as compared to water under realistic interior fire conditions. It is thoroughly established that commercially available agents exist that achieve full extinguishment more rapidly than water. Further research is needed to ascertain whether these agents indeed create a significantly safer interior environment earlier, and whether operational limitations are sufficiently severe to make their effective use unrealistic or unreliable. Few departments use alternative agents routinely today, but some case studies exist, such as the use of CAFS by Durango Fire Rescue Authority in Colorado (M. Quick, personal communication, 12 Nov 2015). Analysis of alternative agent use in such departments could provide valuable insight into the costs and benefits of broader adoption of these agents.
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